Despite the potent ability of dendritic cells (DCs) to stimulate lymphocyte responses and host immunity, granulocyte-macrophage colony-stimulating factor-derived DCs (GM-DCs) used as antitumor vaccines have demonstrated relatively modest success in cancer immunotherapy. We found that injecting GM-DCs into melanoma tumors in mice, or culturing GM-DCs with melanoma-secreted cytokines or melanomaconditioned medium, rapidly suppressed DC-intrinsic expression of the gene encoding inhibitor of differentiation 2 (ID2), a transcriptional regulator. Melanoma-associated cytokines repressed Id2 transcription in murine DCs through the activation of signal transducer and activator of transcription 3 (STAT3). Enforced expression of ID2 in GM-DCs (ID2-GM-DCs) suppressed their production of the proinflammatory cytokine tumor necrosis factor-a (TNF-a). Vaccination with ID2-GM-DCs slowed the progression of melanoma tumors and enhanced animal survival, which was associated with an increased abundance of tumor-infiltrating interferon-g-positive CD4
INTRODUCTION
Dendritic cells (DCs) are vital for mediating host immunity to microbial pathogens; however, DCs have shown surprisingly poor efficacy in cancer immunotherapy applications (1, 2) , thus highlighting a need to better understand DC biology and tumor effects on DCs. Many cancer treatments involving DCs use cells generated in culture from peripheral blood (human) or bone marrow (mouse) in the presence of the cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF) (termed herein GM-DCs). Although these populations have recognized heterogeneity, a recent report reveals the diversity of cells even within the CD11c + major histocompatibility complex (MHC) II + fraction, which has been classified previously as DCs (3) . Nonetheless, vaccination schemes using GM-CSF coadministration demonstrate clinically relevant immunostimulatory properties of this cytokine involving activation and enhanced tumor antigen presentation by tumor-infiltrating DCs and macrophages, suggesting that GM-CSF elicits important anticancer immune responses in vivo (4) (5) (6) (7) . In non-tumor-bearing animals, GM-CSF overexpression or induction during infection promotes expansion of DCs with efficient antigen capture, antigen presentation, and immunostimulatory function (8) (9) (10) . GM-CSF also enhances the antigen cross-presenting function of DCs generated in vitro (11) , an effect that would be expected to promote antitumor CD8 + T cell responses in the cancer microenvironment. Moreover, the murine tissue-resident CD103 + DC subset, an important antigen cross-presenting population that mediates antitumor responses, is uniquely dependent on GM-CSF and its signal transducer STAT5 (signal transducer and activator of transcription 5) in vivo (12) (13) (14) (15) (16) (17) (18) . These results collectively indicate that GM-CSF drives production of DC subsets and DC responses that stimulate immunity, suggesting unrealized potential for GM-CSF signaling mediators in cancer immunotherapy.
In addition to cytokines, key transcriptional regulators control the development and function of specific DC subsets (19, 20) . Inhibitor of differentiation 2 (ID2) is important for the efficient generation of CD103 + DCs in response to GM-CSF in culture and the development of antigen cross-presenting lymphoid organ CD8a + DCs and tissue-resident CD103 + DCs in mice (16, 21, 22) . ID2 belongs to a family of helix-loop-helix (HLH)-containing proteins that associate with other HLH-containing proteins, such as E-box binding transcription factors (E proteins). Through these interactions, ID proteins dominantly interfere with the activity of their partner protein (23) . Id2 expression increases in common DC progenitors (CDPs) upon stimulation via GM-CSF-activated STAT5, promoting the differentiation of CDPs to CD103 + DCs (16) . ID2 represses the activity of the E protein E2-2 to enhance DC differentiation toward the CD103 + DC and CD8a + DC subsets at the expense of the plasmacytoid DC subset (21, 24) . Whether ID2 also has important functions in mature DCs is unclear.
Multiple signaling pathways are co-opted in cancer to restrain the activity of antitumor immune responses (25) . The transcriptional regulator STAT3 is closely linked with immunosuppression in cancer (26) (27) (28) . In mice, pan-hematopoietic deletion of Stat3-which enforces Stat3 ablation in myeloid cells, lymphocytes, and DCs-stimulates tumor immunosurveillance (26, 28) . LysM Cre-mediated Stat3 deletion-which removes Stat3 from monocytes, macrophages, and neutrophils-also enhances antitumor effects (29) . These data highlight an intrinsic immunosuppressive function for STAT3 in hematopoietic and immune cells, yet the specific roles for STAT3 in many lineages remain unclear. Although DCs are known to assume tolerogenic function or have repressed activity in tumors (1, 2, 25, 30) , strategies that direct DC-specific Stat3 ablation in cancer models are needed to understand whether and how STAT3 activity in DCs contributes to tumor immunosuppression.
Here, we show that STAT3 activation in DCs by melanoma-associated cytokines leads to repression of the GM-CSF-STAT5 target gene Id2. We tested the effects of bypassing this inhibitory mechanism by enforcing constitutive expression of ID2 or deleting Stat3 in GM-DCs and investigating their function in a melanoma tumor vaccination model. Our data suggest that targeted strategies to manipulate ID2 or STAT3 in DCs may enhance DC vaccines used alone or in combination immunotherapy.
RESULTS

ID2 enhances DC-mediated antimelanoma responses
Because DC activity is often suppressed in cancer (1, 2, 25, 30) , we hypothesized that tumors modulate DC function by affecting expression of key transcriptional regulators. To investigate this, we first analyzed GM-DCs delivered via intratumoral injection into established, immunogenic murine B16 melanoma tumors. We used CD11c + cells purified from GM-CSF-differentiated murine bone marrow cultures (7 days) as our source of GM-DCs. We found marked inhibition of Id2 expression in GM-DCs derived from the bone marrow of Id2 reporter mice, containing green fluorescent protein (GFP) under control of the endogenous Id2 promoter (Id2 +/GFP GM-DCs), upon exposure to melanoma tumors in vivo. This was evidenced by a decreased GFP signal in GM-DCs 24 hours after intratumoral delivery, compared to GM-DCs analyzed before tumor delivery, which showed a strong and nearly uniform GFP signal indicative of Id2 expression (Fig. 1A) . We next determined whether tumor-infiltrating CD103 + DCs showed similar repression of Id2, relative to their skinresident counterparts. To accomplish this, we compared Id2 expression in skin CD11c + CD103 + CD24 + DCs (CD103 + DCs) localized outside the tumor margin of melanoma-bearing Id2 +/GFP mice versus Id2 expression in melanoma-infiltrating CD103 + DCs. These assays showed significantly less Id2 expression in the tumor-associated CD103 + DC population relative to that in skin-resident CD103 + DCs (Fig. 1B) . These data indicate that the melanoma tumor environment inhibits Id2 expression in DCs.
ID2 is critical for the development of tissue-resident CD103 + DCs and lymphoid organ CD8a + DCs, yet its role in DC-mediated tumor immunity is unknown. To assess this, we enforced constitutive ID2 expression in bone marrow cells cultured in GM-CSF and then purified DCs for use in melanoma vaccination studies. We used a retroviral vector that also encoded GFP [RV-GFP containing Id2 complementary DNA (cDNA)], which enabled fluorescence-activated cell sorting (FACS)-mediated isolation of constitutive ID2-expressing cells, and controls infected with empty RV-GFP. Constitutive ID2 expression did not alter the relative abundance of total CD11c + cells or CD11c + MHC II + cells, which were uniformly CD11b + , within GM-CSF cultures in the absence or presence of lipopolysaccharide (LPS)-induced maturation ( fig. S1A ). In addition, ID2 did not affect cell survival upon cytokine starvation, as judged by 7-amino-actinomycin D and annexin V staining ( fig. S1B ). These data suggest that constitutive ) mice were analyzed as a control. Data in (A) and (B) are representative flow plots and mean median fluorescence intensity (MFI) ± SEM from three independent assays. ****P < 0.0001, by Student's t test. (C and D) Purified ID2-GM-DCs and RV-GM-DCs were stimulated with LPS (0.1 mg/ml) for 6 hours. After thorough washing with sterile phosphate-buffered saline (PBS) three times, ID2-GM-DCs and RV-GM-DCs were delivered intratumorally (i.t.) into B16 melanoma tumors in C57BL/6 mice (7 days after tumor establishment), as indicated. Tumor size was assessed every 2 to 3 days (C), and survival of tumor-bearing animals was analyzed (D). Mice were euthanized upon tumors reaching 20 mm in any direction or at the completion of the experiment. Data represent four independent experiments. n = 5 to 6 mice per vaccination condition per experiment. **P < 0.01, by analysis of variance (ANOVA) followed by Bonferroni's post test (C); indicated P value (D) determined by Kaplan-Meier log-rank test.
ID2 expression has little, if any, effect on DC development in GM-CSF bone marrow cultures or on their viability after growth factor withdrawal.
To perform tumor vaccination studies, we purified GFP + CD11c + cells from the GM-CSF-differentiated bone marrow cultures after 7 days using FACS. This permitted enrichment of CD11c + DCs stably expressing ID2 (ID2-GM-DCs) and appropriate empty vector-containing controls (RV-GM-DCs). Hereafter, we use the terms ID2-GM-DC and RV-GM-DC to refer to purified GFP + CD11c + cells (for vaccination studies) or GFP + CD11c + gated populations (for analysis) from the respective (ID2 or control) GM-CSF-differentiated bone marrow cultures. We then stimulated purified ID2-GM-DCs and RV-GM-DCs with LPS for 6 hours to induce maturation, washed the cells thoroughly to remove LPS, and delivered DCs intratumorally as vaccines 7 days after establishment of melanoma growths. This approach allows DCs to sample endogenous tumor antigens at an early stage of melanoma development and enables evaluation of their effects on tumor progression.
By monitoring tumor size over time after DC vaccination, we found that control RV-GM-DCs only modestly suppressed melanoma growth in vivo, as judged by comparison of tumor sizes between RV-GM-DCvaccinated mice and mice receiving PBS intratumorally (Fig. 1C ). By contrast, ID2-GM-DCs significantly inhibited melanoma growth relative to the RV-GM-DC vaccination or PBS treatment conditions (Fig. 1C) . Moreover, ID2-GM-DC vaccination significantly prolonged the survival of melanoma-bearing animals (Fig. 1D) . Viable RV-GM-DCs and ID2-GM-DCs were found in tumors and tumor-draining lymph nodes at comparable amounts ( fig. S1C ), indicating similar survival and lymph node migratory properties. The improved efficacy of the ID2-GM-DC vaccine was also observed upon intratumoral DC delivery in MC38 colon carcinoma-bearing mice (fig. S1, D and E). These results suggest that ID2 may enhance GM-DC-mediated immunostimulatory activity, resulting in suppressed tumor growth.
Tumor-derived cytokines inhibit Id2 expression via STAT3 signaling
Previous work from our laboratory and others has shown that Id2 is a cytokine-responsive gene, induced by GM-CSF-STAT5 or transforming growth factor-b (TGF-b) signaling (16, 21) . The Id2 proximal promoter includes a STATx element, which mediates GM-CSF-STAT5-responsive transcriptional activation (16) . Melanoma cells secrete numerous STAT3-activating cytokines that modulate immune cell function (31, 32) , and previous studies show that STAT3 and STAT5 can have opposing activity on specific gene promoters (33) . Thus, we hypothesized that tumor-associated cytokines induce STAT3 activity in DCs, and STAT3 directly inhibits DC-intrinsic Id2 transcription. To test this, we first used Id2 +/GFP GM-DCs to monitor cytokine-responsive Id2 expression. Upon stimulation of Id2 +/GFP GM-DCs in culture with interleukin-6 (IL-6), IL-10, or vascular endothelial growth factor (VEGF), cytokines associated with B16 melanoma and a protumor microenvironment (34), we found a marked decrease in Id2 expression ( Fig. 2A) . We confirmed that IL-6, IL-10, and VEGF are potent STAT3-activating cytokines in GM-CSF-differentiated bone marrow cells, as revealed by STAT3 tyrosine phosphorylation and induction of the STAT3 target gene Socs3 (Fig. 2B and fig. S2A ). Moreover, we found that GM-DCs displayed the VEGF receptor 2 (VEGFR2) on the cell surface yet show little, if any, evidence of VEGFR1 or VEGFR3 at the cell surface ( fig. S2B ), suggesting that VEGFR2 may be the primary mediator of the VEGF signal in GM-DCs.
To examine the role for STAT3 in Id2 regulation directly, we used Stat3-sufficient and Stat3-deficient GM-CSF-differentiated bone marrow samples from CD11c Cre − Stat3 f/f and CD11c Cre + Stat3 f/f mice, respectively.
Our previous studies show that STAT3 is dispensable for DC production in response to GM-CSF ex vivo and in vivo (16, 35) . We found that IL-6, IL-10, and VEGF suppressed the amount of Id2 mRNA in Stat3-sufficient cells, whereas Id2 expression was unaffected by these cytokines in Stat3-deficient cells (Fig. 2C ). These data suggest that STAT3 is required to mediate Id2 suppression in GM-DCs. Furthermore, medium collected from confluent B16 melanoma cell cultures (B16-CM) also inhibited Id2 mRNA expression in a STAT3-dependent manner (Fig. 2C) . We next evaluated the activity of specific cytokines in B16-CM using antibody-mediated blockade. Individual inhibition of IL-6, IL-10, or VEGF activity in B16-CM partially abrogated the reduction in Id2 expression observed in Stat3-sufficient cells upon B16-CM stimulation alone, whereas inhibition of all three cytokines together fully blocked Id2 suppression by B16-CM (Fig. 2C) . Treatment of Stat3-sufficient cells with B16-CM in the presence of an IgG control antibody decreased Id2 mRNA similar to B16-CM exposure alone (Fig. 2C) , indicating specificity of the cytokine antibodies. By contrast, IL-6, IL-10, or VEGF blocking antibodies or IgG control antibody had little effect on Id2 expression in Stat3-deficient cells, which maintained Id2 mRNA upon B16-CM treatment (Fig. 2C) . Together, our results suggest that melanoma-secreted IL-6, IL-10, and VEGF repress Id2 transcription in GM-DCs through the activation of STAT3.
To (Fig. 2D) . By contrast, we saw notably reduced Id2 expression (~80% reduction) in Stat3-sufficient CD103 + DCs localized within melanoma tumors, relative to Id2 expression in Stat3-sufficient skin-resident CD103 + DCs, whereas tumor-associated Stat3-deficient CD103 + DCs showed more modest Id2 suppression (~45% reduction compared to their skin-resident CD103 + DC counterparts) (Fig.  2D) . These results indicate that STAT3 has an important role in mediating Id2 repression in tumor-infiltrating CD103 + DCs, although it is dispensable for maintaining Id2 expression in the skin-resident CD103 + subset in vivo. Our previous observations indicate that the conventional DC cell line D2SC/1 mimics cytokine-responsive gene expression found in primary DCs and provides sufficient material for transcriptional assays (16, 35) . We confirmed that IL-6, IL-10, and VEGF stimulated STAT3 activity and repressed Id2 mRNA expression in D2SC/1 cells (fig. S3, A and B). We therefore used D2SC/1 cells to investigate whether STAT3 directly regulates Id2 transcription. Using ChIP assays, we found that STAT3 accumulated at the proximal Id2 promoter in D2SC/1 cells upon stimulation with IL-6, IL-10, or VEGF (Fig. 2E) . Moreover, luciferase reporter assays showed inhibitory functions for IL-6, IL-10, and VEGF on Id2 promoter activity, implying that these cytokines induce the transcriptional repression of Id2 (Fig. 2F) . The suppressive effects of IL-6, IL-10, and VEGF on the Id2 promoter required transcriptionally active STAT3, as judged by abrogated Id2 reporter inhibition in the presence of a STAT3 mutant lacking the Cterminal TAD (Fig. 2F) . Thus, our results indicate that STAT3 associates directly with the Id2 promoter upon stimulation with IL-6, IL-10, or VEGF to transcriptionally repress Id2. Together, our data suggest a previously unrecognized STAT3 immunosuppressive pathway activated by tumorassociated cytokines to inhibit Id2 expression and modulate DC function.
Deletion of Stat3 in DCs improves antitumor immunity
Although STAT3 is known to play an immunoregulatory function (26, 27) , the precise role for STAT3 in tumor-infiltrating DCs is currently unclear.
To address this, we administered B16 melanoma cells subcutaneously to DC-restricted Stat3-deficient mice (CD11c Cre + Stat3 f/f mice) and to Stat3-sufficient controls. We observed significantly reduced melanoma growth in DC-restricted Stat3-deficient mice compared to that in Stat3-sufficient animals, as judged by differences in tumor size (Fig. 3A) . Furthermore, tumor-bearing mice lacking Stat3 in DCs demonstrated modest yet significantly enhanced survival relative to controls (Fig. 3B ). These data suggest that STAT3 has an intrinsic immunosuppressive function in DCs, which enables efficient tumor growth.
To evaluate the impact of DC-intrinsic STAT3 function on tumor immune responses, we measured tumor-infiltrating lymphocyte (TIL) populations in melanoma-bearing CD11c Cre . Data are mean fold change of promoter activity upon cytokine treatment relative to untreated controls from four independent assays. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by Student's t test.
regulatory T cells (FOXP3 + T regs ), relative to Stat3-sufficient controls ( Fig.  3C ), suggesting that STAT3 enhances the immunosuppressive function of DCs. To further examine this concept, we evaluated the activity of Stat3-deficient and Stat3-sufficient GM-DCs in our B16 melanoma vaccination model. Similar to our initial experiments (Fig. 1) , we used CD11c + cells purified from GM-CSF-differentiated bone marrow cultures as the source of GM-DCs; we did not detect differences in DC development or LPSstimulated maturation between Stat3-deficient and Stat3-sufficient GM-DCs ( fig. S4 ), consistent with our previous results (16, 35) . Upon intratumoral vaccination, Stat3-deficient GM-DCs were significantly more effective in restraining melanoma growth and enhancing survival of the mice than were Stat3-sufficient GM-DCs (Fig. 3, D and E) . Moreover, compared to vaccination with Stat3-sufficient GM-DCs, vaccination with Stat3-deficient GM-DCs induced greater amounts of tumor-infiltrating IFN-g + T lymphocyte populations and suppressed tumor-infiltrating FOXP3 + T regs (Fig. 3F) . Concomitant Id2 deletion (using the Id2 GFP/GFP mice), however, abrogated the efficacy of the Stat3-deficient GM-DC vaccine and rendered TIL profiles similar to that in Stat3-sufficient GM-DCvaccinated mice (Fig. 3, D to F) . TIL populations were compared in tumors of similar size, 6 days after DC vaccination, to prevent artifacts from tumor size discrepancies. Together, these results indicate that STAT3 has an intrinsic role in mediating the immunoregulatory activity of GM-DCs, consistent with previous reports (29, 36, 37) . Furthermore, the data imply that ID2 is critical for the antitumor efficacy of the Stat3-deficient GM-DC vaccine. Our results collectively suggest that STAT3-mediated Id2 inhibition in response to tumor-associated cytokines is a key step in generating DC immunoregulatory activity and an immunosuppressive tumor environment.
ID2 restrains proinflammatory cytokine production and nuclear factor-kB signaling in GM-DCs
To investigate mechanisms by which ID2 controls DC function, we evaluated important immune mediators produced by ID2-GM-DCs and control RV-GM-DCs before or after LPS-induced maturation. melanoma cells. One week later, purified GM-DCs derived from CD11c S5B ). By contrast, we found an increase in the proportion of CD103 + CD24
+ cells within the ID2-GM-DC population compared to that within the RV-GM-DC population ( fig. S5, C and D) . These data collectively suggest that ID2 has little to no role in mediating global DC maturation status in the absence or presence of LPS stimulation yet enhances appearance of certain DC markers, such as CD103, which may reflect a modest impact on DC differentiation in GM-CSF culture conditions.
We further analyzed DC functional responses by assessing cytokine production from purified RV-GM-DCs and ID2-GM-DCs. Although both populations responded to LPS stimulation by increased cytokine expression, ID2-GM-DCs demonstrated significantly reduced amounts of Il6 and Tnfa mRNAs, as well as decreased intracellular IL-6 and tumor necrosis factor-a (TNF-a) production, relative to LPS-stimulated RV-GM-DC controls (Fig. 4, A and B) . Reduced Il6 and Tnfa mRNA expression was also detected upon LPS treatment of ID2-overexpressing D2SC/1 cells compared with vector controls (fig. S6A ). The expression of other proinflammatory mediators or the immunoregulatory cytokine IL-10 was unaffected by ID2 (Fig. 4A) . Furthermore, upon vaccination with ID2-GM-DCs, we also detected a transient reduction in Il6 mRNA amounts in total melanoma tumor extracts relative to RV-GM-DC vaccinated controls ( fig. S6B ). Expression of Vegfa was also reduced upon vaccination with ID2-GM-DCs, whereas Il10 and Tnfa in total tumor extracts were unaffected ( fig. S6B) . Moreover, ID2-GM-DC vaccination was associated with a 50% reduction in B16 melanoma cell proliferation compared to RV-GM-DC controls ( fig. S6C ). These data collectively suggest that ID2 interferes with signaling pathways that promote TNF-a and IL-6 production within GM-DCs, and thus dampens cytokine secretion and tumor proliferation after GM-DC vaccination.
The nuclear factor kB (NF-kB) and mitogen-activated protein kinase (MAPK) cascades are crucial for TLR4-responsive induction of IL-6 and TNF-a. We found that overexpression of ID2 attenuated LPS-stimulated activation of NF-kB, as judged by an about 50% reduction in NF-kB DNA binding activity in LPS-treated ID2-GM-DCs versus RV-GM-DCs (Fig. 4C) . In addition, the kinase function of inhibitor of NF-kB kinase (IKK), a critical NF-kB activator, was suppressed in ID2-GM-DCs upon LPS stimulation compared to LPS-stimulated controls (Fig. 4D) . IKK comprises IKKa, IKKb, and NEMO (IKKg) subunits; IKKa and IKKb contain HLH domains that are necessary for kinase activity (38) . ID2 interacts with HLH domains to regulate partner protein function (23) , suggesting that IKKa, IKKb, or both may serve as targets of ID2 inhibition. We found that ID2 and IKKa associated in coimmunoprecipitation assays (Fig. 4E) . ID2 also coprecipitated with the IKK regulatory subunit NEMO (IKKg); however, ID2 did not appear to interact strongly with IKKb or the IKK target inhibitor of NF-kB a subunit (IkBa) (Fig. 4E) . Furthermore, ID2 did not stimulate or repress TLR4-responsive MAPK signaling in GM-CSF-differentiated bone marrow cultures ( fig.  S7) , indicating a unique effect on the NF-kB cascade. Together, our data suggest that ID2 dampens TLR4-stimulated NF-kB signaling by interacting with IKKa and NEMO (IKKg), thereby reducing the kinase function of IKK and inhibiting IL-6 and TNF-a production from GMDCs upon LPS stimulation. 
T cell ratios
Immunosuppression in cancer is frequently marked by considerable amounts of tumor-infiltrating T reg cells and profound effects on other lymphoid and myeloid populations (25) . We found that DC-restricted Stat3 deletion correlated with a fewer number of FOXP3 + T regs and an increased number of IFN-g + T cells in the melanoma TIL population (Fig. 3, C and F) ; in our GM-DC vaccination model, this effect was reversed by concomitant Id2 removal (Fig. 3F) . These data suggest that STAT3-mediated repression of Id2 in DCs influences the composition of TIL populations. Thus, we investigated whether ID2-GM-DCs differentially regulated TIL populations relative to RV-GM-DCs, using vaccination in melanoma-bearing mice. We found that total TIL numbers were enhanced 6 days after intratumoral delivery of RV-GM-DCs or ID2-GM-DCs relative to PBS controls ( fig. S8 ). However, ID2-GM-DC vaccination stimulated greater amounts of tumor-infiltrating CD4 + IFN-g + and CD8
+ IFN-g + T cells, and lower FOXP3 + T regs than did RV-GM-DC delivery (Fig. 5A) .
To examine the basis for the disparate TIL responses upon ID2-GM-DC and RV-GM-DC vaccination, we evaluated whether ID2-GM-DCs and RV-GM-DCs differentially polarize naïve CD4 + T cells into FOXP3 + T reg versus IFN-g + subsets. This question was further prompted by our discovery that constitutive ID2 expression affected DC cytokine production (Fig. 4, A  and B, and fig. S6A ). To assess CD4
+ T cell polarization, we used coculture assays with naïve OT-II CD4 + T cells, which express an ovalbumin (OVA)-specific T cell receptor (TCR) transgene (39) , and OVA peptide-pulsed, LPS-activated ID2-GM-DCs or RV-GM-DCs. We found that ID2-GM-DCs stimulated more efficient generation of IFN-g + cells [indicating T helper 1 (T H 1) differentiation] in the DC/OT-II T cell cocultures than did RV-GM-DCs (Fig. 5B, FACS plots, left panels) . By contrast, RV-GMDCs showed an enhanced propensity to induce FOXP3 + T reg generation compared to ID2-GM-DCs (Fig. 5B, FACS plots, left panels) .
TNF-a promotes T reg proliferation and survival, and contributes to immunosuppression in certain conditions (40) (41) (42) . Because ID2 inhibited TNF-a production from GM-DCs, we examined whether TNF-a mediated naïve CD4 + T cell polarization responses induced by ID2-GM-DCs or RV-GM-DCs. Addition of exogenous TNF-a to the DC/OT-II T cell cocultures promoted FOXP3 + T reg generation in the presence of either ID2-GM-DCs or RV-GM-DCs (Fig. 5B, FACS plots, middle panels) . By contrast, antibodymediated TNF-a blockade enhanced the generation of IFN-g + cells in cocultures with ID2-GM-DCs and RV-GM-DCs (Fig. 5B, FACS plots, right panels). Analysis of IFN-g + /FOXP3 + T cell ratios supported the idea that ID2-GM-DCs have enhanced propensity to stimulate the generation of IFN-g + cells and implied a key role for DC-produced TNF-a in promoting immunosuppressive FOXP3 + T reg generation (Fig. 5B, bar  graph) . In addition, ID2-GM-DCs also stimulated overall CD4 + T cell proliferation to a greater extent than did RV-GM-DCs (Fig. 5C) . Collectively, the data indicate that TNF-a secretion from RV-GM-DCs and ID2-GM-DCs is important for regulating DC-mediated naïve CD4 + T cell polarization, with DC-generated TNF-a promoting FOXP3 + T regs and suppressing IFN-g + T H 1 generation. Together, our results suggest that ID2-GM-DCs promote an immunostimulatory IFN-g + T H 1 response and, because of their reduced TNF-a production, inhibit FOXP3
+ T reg accumulation within melanoma tumors.
We next assessed the roles of CD8 + and CD4 + T cells in our GM-DC vaccination strategy in the B16 melanoma context. CD8 + T cells have direct cytotoxic activity in tumors, whereas CD4 + T cells contribute to CD8 + T cell activation, stimulation of innate immune cells, and induction of B cell responses (43) . To examine the effects of these T cell subsets, we transferred naïve OT-I CD8 + T cells, OT-II CD4 + T cells (OVA-specific), or both populations, along with RV-GM-DCs or ID2-GM-DCs, in TCR-deficient (Tcrb
) mice bearing OVA-expressing B16 melanoma tumors. The transfer of OT-I CD8 + T cells efficiently reduced tumor burden, as expected, whereas ID2-GM-DC or RV-GM-DC cotransfer had little additional effect (Fig. 5D, middle panel) . By contrast, we found enhanced tumor regression upon ID2-GM-DC cotransfer with OT-II CD4 + T cells compared to RV-GM-DC and CD4 + T cotransfer or CD4 + T cell transfer with PBS (Fig. 5D,  left panel) . Moreover, cotransfer of ID2-GM-DCs with CD4 + and CD8 + T cells simultaneously rendered increased tumor regression relative to cotransfer of RV-GM-DCs or PBS with CD4 + and CD8 + T cells, or compared to cotransfer of ID2-GM-DCs and CD4 + T cells (Fig. 5D, right  panel) . These results suggest that the protective function of ID2-GM-DC vaccination in melanoma is mediated primarily by CD4 + T lymphocytes, which may further enhance activity of tumor-infiltrating CD8 + T cells and innate immune subsets (43) .
ID2-GM-DC vaccine responses are improved by concurrent treatment with a PD-1 blocking antibody
Polarization toward specific CD4 + T cell subsets (IFN-g + T H 1 and T reg ) is an early event in naïve CD4 + T cell activation. Thus, we reasoned that immunotherapy acting at a distinct stage of the immune response may additively or synergistically improve the outcome of GM-DC vaccines in melanoma. To test this, we coadministered a programmed cell death protein-1 (PD-1) blocking antibody with our DC vaccine. PD-1 is an inhibitory molecule on the surface of activated CD8 + and CD4 + T cells, which can signal memory or T cell exhaustion phenotypes (44) . Thus, interference with PD-1 by a blocking antibody would be expected to act at a distal or late stage of the T cell activation cycle versus CD4 + T cell polarization. We found that combination therapy with ID2-GM-DCs and PD-1 antibody suppressed melanoma growth more effectively than did either ID2-GM-DC vaccination with control IgG or RV-GM-DC and PD-1 antibody treatment, as judged by differences in tumor size among groups (Fig. 5E) . Treatment with PD-1 antibody in combination with RV-GM-DC vaccination also inhibited tumor growth significantly, relative to RV-GM-DC vaccination with control IgG (Fig. 5E ). These effects were accompanied by prolonged survival of melanoma-bearing animals treated with ID2-GM-DCs or RV-GM-DCs and PD-1 antibody (Fig. 5F ). Together, these data suggest that GM-DC vaccines may be useful in combination with other immunotherapies, such as checkpoint blockade, to enhance antitumor immunity. Collectively, our results suggest that constitutive ID2 expression in DCs overcomes tumorassociated immunosuppressive cytokine cues mediated by STAT3 to improve the efficacy of DC-based vaccines in melanoma (Fig. 6 ).
DISCUSSION
Along with immunotherapies that directly modulate tumor-directed lymphocyte responses (45) , DC-based cancer immunotherapy has gained much attention in recent years (5) . Several approaches to augmenting DC activity in cancer have been attempted, including induction of DC maturation within tumors, targeting tumor antigens to DCs, and combining DC vaccines with other treatment strategies. These have met with limited success, however (1, 2) . The unexpectedly poor responses are likely related to the powerful ability of tumors to inhibit DC and lymphocyte immunostimulatory activity (25, 27, 30) . Thus, efforts to understand the impact of tumors on DCs and mechanisms to subvert tumor immunosuppression of DCs are needed to highlight new ways in which DCs may be used or redirected for antitumor therapy. Knowledge gained in this area may also contribute to modulating DC responses in other disorders such as autoimmunity or infectious disease.
Our results indicate that vaccination with GM-DCs engineered to constitutively express ID2, that is, ID2-GM-DCs, significantly improves outcomes with melanoma by regulating the ratio of immunostimulatory/ immunosuppressive TIL subsets. Whereas intratumoral GM-DC delivery enhanced overall TIL amounts, a positive prognostic indicator for immunotherapy (25) , the ID2-GM-DC vaccine further stimulated CD4 + IFN-g + and CD8
+ IFN-g + TILs, and restrained tumor accumulation of FOXP3 + T regs . These data are consistent with the association of CD4 + IFN-g + T H 1-type and CD8 + cytotoxic T cell subsets with survival in cancer (46) . Moreover, using adoptive transfer of purified lymphocyte populations, we found that CD4 + T cells are important effectors of GM-DC vaccination and may potentiate the activity of tumor-infiltrating CD8 + T cells. Recently, antigen presentation by skin-migratory DCs to CD4 + T cells was found to be an early step in activation of viral immunity, whereas CD8 + T cell activation was delayed and required priming by DCs in lymph nodes (47) . Migratory DCs were critical in this setting for the delivery of CD4 + T cell help (47) . Our adoptive T cell transfer assays suggest that a similar cascade may occur upon GM-DC vaccination in melanoma. Because cancer patients are not normally depleted of CD4 + T cells, improvements in DC vaccines may render therapeutic benefit through this lymphocyte subset. Much remains to be understood, however, regarding the contribution of GM-DCs to tumor immunity. This includes whether naïve CD4 + T cells undergo priming or subset conversion at the tumor site or within draining lymph nodes. In addition, although we found about a 50% reduction in melanoma proliferation upon ID2-GM-DC vaccination, it remains unclear whether and how TIL populations restrain tumor proliferation and survival, regulate tumor angiogenesis, and affect other cell types in the microenvironment. Furthermore, a potential limitation of our study is the use of an immunogenic melanoma tumor model. An important future goal is improving the efficacy of DC vaccines for less immunogenic cancers.
We found marked inhibition of Id2 within tumor-associated GM-DCs and tumor-infiltrating CD103
+ DCs compared to their non-tumor-associated counterparts. We traced this effect to STAT3-activating cytokines produced by B16 melanoma cells, indicating that tumor-secreted cytokines modulate DC transcriptional regulators and DC function. STAT3 is highly immunosuppressive in tumor microenvironments and appears to regulate numerous tumor-associated immune populations (26, 27, 31) . For instance, activated STAT3 promotes myeloid-derived suppressor cells in cancer and restrains myeloid cell proinflammatory signaling via inhibition of the E2 ubiquitinconjugating enzyme Ubc13, an effect that may inhibit myeloid-driven antitumor responses (48) (49) (50) (51) . Using directed Stat3 deletion in CD11c + cells, we provide important new evidence supporting an immunosuppressive role for STAT3 in tumor-associated DCs. The DC-restricted Stat3-deficient mice will continue to be valuable for exploring DC-intrinsic STAT3 function in other tumor models; however, interpretations based on this strain require care because CD11c is expressed in additional immune subsets such as monocytes and B cells. Thus, strategies to specifically inhibit STAT3 function in tumor-associated DCs using methods that have potential for clinical translation, such as those used for antigen targeting to DCs or directed delivery of STAT3 inhibitors (52-55), should be considered for future work.
The potent antitumor effects we observed with the ID2-GM-DC vaccine, as well as improved outcomes for melanoma-bearing mice with DC-restricted Stat3 deficiency, indicate that the immunosuppressive activity of STAT3 is linked to Id2 repression. This idea is supported by the fact that melanoma growth was enhanced in mice vaccinated with GM-DCs lacking both STAT3 and ID2 versus vaccination with Stat3-deficient GM-DCs. Overall, our results highlight a previously unrecognized function for ID2 in mediating DC immunogenicity and antitumor responses. Nonetheless, we cannot rule out additional effects of ID2 on DC development or other antigen-presenting subsets within GM-CSF-differentiated bone marrow cultures, which have substantial heterogeneity even within the CD11c + MHC II + DC fraction (3). We found that constitutive ID2 expression stimulated a modest increase in the CD103 + CD24 + subpopulation of GM-DCs. By contrast, CD103 + cells are generated at a reduced frequency in GM-CSF-containing bone marrow cultures from Id2 −/− mice compared to Id2-sufficient controls (16) . Recent data suggest that tissue-resident CD103 + DCs have important antitumor functions (17, 18, 56) . Together, these results are consistent with the role for ID2 in CD103 + DC development (14, 21, 22, 57) and suggest that constitutive ID2 expression may promote development of immunogenic DC subsets (for example, CD103 + DCs) within GM-CSF bone marrow cultures. Despite the heterogeneity of GM-CSF-differentiated cultures, clinical applications using GM-CSF show improvements in tumor antigen presentation and antitumor responses (4-7). Our findings suggest that additional approaches to improving the efficacy of tumor vaccines could be based on methods to sustain ID2 expression in tumor-infiltrating DC populations and potentially other antigenpresenting subsets. Moreover, additional work is needed to understand the contribution of specific DC and other antigen-presenting populations to tumor immunity.
ID2 inhibits E protein activity during hematopoietic development to regulate lineage decisions (23) , yet the targets of ID2 in mature DCs were unclear. Loss of ID2 in T cells results in elevated IL-10 production due to relief of E2A inhibition, because E2A drives IL-10 expression (58); however, we did not find evidence for ID2-dependent regulation of IL-10 in Fig. 6 . Working model for the roles of STAT3 and ID2 in DC-mediated antitumor immunity. Tumor-secreted cytokines stimulate STAT3 activity, which inhibits DC-intrinsic expression of ID2 and dampens DCmediated immunostimulatory function (left). Constitutive ID2 expression or ablation of STAT3 circumvents ID2 inhibition, resulting in ID2-mediated suppression of NF-kB signaling and reduced IL-6 and TNF-a production, promoting antitumor immunity. T eff , effector T cell.
DCs. Furthermore, tumor-associated macrophages, versus DCs, appear to be major IL-10 sources in cancer (59) . By contrast, we discovered that ID2 associated with the IKK subunits IKKa and NEMO (IKKg). This mechanism may explain reduced IKK and NF-kB activity in LPS-stimulated ID2-GM-DCs versus controls. We predict that association of ID2 and IKKa occurs via the HLH domain of each protein. It is less clear how ID2 and NEMO (IKKg) interact, however, because NEMO (IKKg) lacks a canonical HLH motif (38) . Nonetheless, we suggest that ID2 interaction with IKKa and NEMO (IKKg) disrupts efficient formation of the IKK complex, thus rendering decreased NF-kB signaling upon TLR4 stimulation. This points to a novel function for ID2 by interfering with the catalytic activity of its binding partner versus interference with DNA association. Because we have enforced ID2 expression, it will be important to determine whether ID2-mediated inhibition of IKK occurs with physiologic amounts of ID2 or only under conditions of constitutive ID2 expression or ID2 overexpression. Moreover, the expression pattern and amount of ID2 at distinct stages of the DC maturation cycle may provide additional insight into its function and other potential partners. Nonetheless, for therapeutic purposes, ID2 may be considered as a novel target to regulate NF-kB activity in DCs.
Our data show that constitutive ID2 expression in GM-DCs specifically restrains LPS-responsive IL-6 and TNF-a production, without major effects on other NF-kB target genes or DC costimulatory and coinhibitory molecules. The unique influence on IL-6 and TNF-a may be due to a differential requirement for activated NF-kB at the Il6 and Tnf promoters versus other NF-kB-activated genes or requirements for specific NF-kB-associated cofactors. Reduction in IL-6 production from DCs may influence other tumorassociated immune subsets and tumor cell proliferation (60); consistently, we detected reduced tumor proliferation upon ID2-GM-DC vaccination compared to RV-GM-DC treatment. Moreover, we found that the TNF-a amounts produced from LPS-activated GM-DCs are important for CD4 + T cell polarization, with higher TNF-a amounts being associated with increased FOXP3 + T reg generation from naïve CD4 + T cells. These results agree with previous studies that indicate that TNF-a stimulation of TNF receptor 2 on CD4 + T lymphocytes promotes proliferation and survival of mouse or human T regs in cancer or inflammation (40, 41, 61) . Other reports, however, indicate that TNF-a also can inhibit inducible T reg generation and suppress FOXP3 DNA binding activity, thereby restraining T reg function (62, 63) . Although the inhibitory activity of TNF-a on T regs was shown in autoimmune models, it remains to be determined whether this function extends to certain cancers. TNF-a also enhances myeloidderived suppressor cells and macrophage populations associated with tumors (42, 64) . Thus, localized IL-6 and TNF-a amounts within tumors, as well as other microenvironmental factors present during DC-mediated immunoregulation, are likely to play critical roles in dictating whether an immunosuppressive or immunostimulatory environment is present within a tumor, ultimately affecting tumor growth or clearance.
The impact of immunotherapeutic approaches, such as checkpoint blockade on cancer outcomes, has generated excitement that immunebased treatments may provide a substantial leap in therapeutic efficacy and be potentially curative in some cases (45, 65) . Here, we found that PD-1 checkpoint blockade enhanced antitumor responses mediated by ID2-GM-DC vaccination. Because these approaches work by preventing immune exhaustion or stimulating immune responses, respectively, the data suggest that targeting different aspects of the immune response via combination immunotherapy may further improve the clinical effectiveness of individual agents.
Collectively, our results indicate a previously unrecognized molecular pathway that not only explains the suppressive effects of tumorassociated cytokines on DCs but also highlights potential targets for optimization of DC-based cancer immunotherapy. Enhancing DC immunostimulatory function has the advantage of circumventing a requirement to identify tumor-specific antigens; it overcomes a major impediment of DC vaccines, which is the suppressive nature of the tumor microenvironment. Overexpression of important immunoregulatory molecules has been applied successfully in adoptive T cell therapy (66) . We anticipate that similar approaches may be used to control DC vaccine efficacy for cancer alone or in combination immunotherapy, as well as modulate DC function in immunological disease.
MATERIALS AND METHODS
Animals
Stat3
f/f mice (67) Bone marrow cell culture, GM-DC derivation, and ID2 expression GM-DCs were generated by culturing total bone marrow cells (3 ×  10 5 cells/ml, excluding red blood cells) in RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS) and recombinant GM-CSF (100 ng/ml; PeproTech) for 7 days. The CD11c + fraction was purified after 7 days of culture using a FACSAria; this population is referenced as GM-DCs throughout the text and figure legends. In some assays, we used the entire population of bone marrow cells after culture in GM-CSF (100 ng/ml) for 7 days. This population is referenced as GM-CSFdifferentiated bone marrow cells throughout the text and figure legends. To express ID2 constitutively, we obtained Id2 cDNA in the pSPORT6 vector from Open Biosystems. Id2 sequences were amplified by PCR, and the Id2 cDNA was cloned into the Bgl II and Xho I sites of the pRV-GFP retroviral vector. Retroviral particles were prepared by transfecting 293T cells with empty pRV-GFP vector or pRV-GFP encoding Id2, along with the packaging plasmid pCL Eco. Retroviruses were used to infect murine bone marrow cells cultured in GM-CSF, at 4 days of culture, using centrifugation. GFP + CD11c + cells were purified at 7 days of culture by FACS for vaccination and ex vivo assays using constitutive ID2-expressing (ID2-GM-DCs) and empty vector (RV-GM-DCs) DCs. GFP + CD11c + cells were gated in flow cytometry analyses for phenotypic studies of ID2-GM-DCs and RV-GM-DCs. FACS-purified ID2-GMDCs and RV-GM-DCs were stimulated with LPS (0.1 mg/ml) for 6 hours and thoroughly washed with PBS before they were subjected to intratumoral delivery, T cell coculture, qPCR analysis, or intracellular staining as indicated in the figure legends.
T cell purification, CD4
+ T cell proliferation, and differentiation Single-cell suspensions were prepared from the spleen and lymph nodes of female OT-II or OT-I TCR transgenic mice (6 to 8 weeks old), which bear TCRs specific for OVA 323 + T cell polarization assays were performed under similar conditions, with or without anti-TNF-a (10 mg/ml; BioXCell), control IgG, or recombinant TNF-a (10 ng/ml; PeproTech). Dilution of eFluor670 cell proliferation dye and intracellular IFN-g or FOXP3 was analyzed by flow cytometry.
Tumor cell lines and murine melanoma models
Murine B16 melanoma cells stably expressing OVA were cultured in RPMI 1640 medium containing 10% FBS and 1% penicillin-streptomycin. To prepare cell supernatants for experiments, 5 × 10 6 tumor cells were plated in 10-ml medium for 24 hours before supernatants were collected. To induce murine melanoma, mice were implanted subcutaneously with 0.5 × 10 6 to 1 × 10 6 B16 melanoma cells (0 days). Tumor growth was monitored every other day, and mice were sacrificed when tumor sizes reached 20 mm in any direction, according to our IACUC-approved protocol. In some experiments, established tumors (at 7 days) were injected intratumorally with 2 × 10 6 LPS-stimulated RV-GM-DCs, ID2-GM-DCs, Id2 Isolation of mononuclear cells from B16 melanoma tumors and adjacent normal skin B16 melanoma tumors were removed, and cells were dispersed by passage through a 40-mm nylon mesh. Skin samples were digested with collagenase IV (1 mg/ml; Sigma) for 1 hour at 37°C with vigorous stirring in Hanks' balanced salt solution and then passed through a 40-mm nylon mesh. Immune cells were enriched from tumor and skin samples by Percoll gradient centrifugation; cells in the interphase fraction between 30 and 70% Percoll layers were collected after centrifugation. After cells were extensively washed in RPMI medium containing 5% FBS, they were analyzed by flow cytometry.
Flow cytometry, intracellular staining, and proliferation assays
Cell suspensions were stained with fluorescently labeled antibodies (as indicated in the figure legends) and subjected to flow cytometry analyses using an LSRII or FACSAria flow cytometer (BD Biosciences). For intracellular staining, cells were (re)stimulated with LPS (0.1 mg/ml) (for DCs) or phorbol 12-myristate 13-acetate plus ionomycin (for T cells) in the presence of GolgiStop for 4 to 6 hours. Intracellular staining was performed using antibodies against IL-6, TNF-a, IFN-g, or FOXP3 and the BD Cytofix/Cytoperm kit (BD Biosciences). For cell proliferation and survival analysis, cells were first stained with annexin V, followed by intracellular staining of Ki67 following the manufacturer's protocol (eBioscience).
qPCR and cell signaling assays
Total RNA was extracted from cells with TRIzol (Invitrogen). RNA was subjected to iScript-mediated reverse transcription and SYBR Green qPCR analysis (Bio-Rad) using gene-specific primers (table S1). The expression of individual genes was normalized to RPL13A using the DDC t method. GM-CSF-differentiated bone marrow cultures (7 days of culture), purified GM-DCs, or D2SC/1 cells were treated with recombinant IL-6, IL-10, VEGF (PeproTech) (each used at 10 ng/ml), purified LPS (0.1 mg/ml; >99% pure), or tumor cell-conditioned medium (B16-CM) as indicated in the figure legends.
Immunoprecipitation and immunoblotting
For immunoprecipitations, 293T cells were transfected with an expression vector encoding Flag-tagged ID2 and expression vectors encoding HA-tagged IKKa, HA-IKKb, HA-NEMO, HA-IkBa, or a control (empty) vector. At 36 hours after transfection, total cell extracts were subjected to immunoprecipitation with Flag (Sigma) or HA (Roche) antibodies. Immunoprecipitated material was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and detected by HA or Flag immunoblots as indicated in the figure legends. Tubulin was used as a loading control. For all other immunoblotting assays, whole-cell lysates were subjected to SDS-PAGE and immunoblotted with pJNK, p-p38, pERK1/2, or pSTAT3 antibodies (Cell Signaling) or JNK (C-17), p38 (H-147), ERK1/2 (K-23), STAT3 (C-20), or tubulin (10D8) antibodies (Santa Cruz Biotechnology).
NF-kB EMSAs and IKK kinase assays
Nuclear extracts were generated from purified RV-GM-DCs and ID2-GM-DCs before or after LPS stimulation and subjected to EMSA using a double-stranded 32 P-radiolabeled NF-kB-specific probe or a control NF-Y probe (table S1). For kinase assays, immune complexes containing IKKa/IKKb/NEMO were isolated by immunoprecipitation using NEMO antibodies (FL-419; Santa Cruz Biotechnology). After washing with kinase cell lysis buffer, kinase assays were performed in the presence of glutathione S-transferase (GST)-IkBa as indicated (69) . IKKb proteins in the immune complexes were detected by immunoblotting using IKKb antibody (D30C6; Cell Signaling).
D2SC/1 cell culture, reporter assays, and ChIPs
The DC cell line D2SC/1 was maintained in Iscove's modified Dulbecco's medium (IMDM) containing 10% FBS. D2SC/1 cells were transfected with pGL3/Id2 reporter constructs along with plasmids encoding murine STAT3 WT (a full-length isoform) or STAT3-TAD (a STAT3 mutant lacking the C-terminal TAD) (51), using Lipofectamine 2000 (Invitrogen). Cells were cultured in IMDM containing 10% FBS for 24 to 36 hours and stimulated with IL-6, IL-10, or VEGF (each at 10 ng/ml) for 2 hours or left untreated. Id2 promoter activity was measured with a Dual-Luciferase Assay kit (Promega) in a Sirius luminometer (Berthold Detection Systems). ChIPs were performed with anti-STAT3 antibodies (Santa Cruz Biotechnology) using a ChIP assay kit following the manufacturer's instructions (EMD Millipore). DNA content in the ChIP material was analyzed by qPCR using primers spanning the STAT consensus site in the Id2 proximal promoter region, as previously described (16) . All ChIP results were normalized to the relevant input controls.
Statistics
Quantitative results are means ± SEM of three or more independent assays. For experiments involving animals, three to six mice were used in each group (that is, groups in individual experiments), and at least three independent experiments were conducted. All statistical analyses were performed using GraphPad Prism, version 6.0. For comparison among multiple groups, P values were calculated using ANOVA and Bonferroni's post test; for comparison between two groups, two-tailed Student's t test was used. Kaplan-Meier log-rank test was used to analyze differential survival of tumor-bearing animals. A P value of <0.05 was considered statistically significant.
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